Vibrio cholerae consists of pathogenic strains that cause sporadic gastrointestinal illness or epidemic cholera disease and nonpathogenic strains that grow and persist in coastal aquatic ecosystems. Previous studies of disease-causing strains have shown V. cholerae to be a primarily clonal bacterial species, but isolates analyzed have been strongly biased toward pathogenic genotypes, while representing only a small sample of the vast diversity in environmental strains. In this study, we characterized homologous recombination and structure among 152 environmental V. cholerae isolates and 13 other putative Vibrio isolates from coastal waters and sediments in central California, as well as four clinical V. cholerae isolates, using multilocus sequence analysis of seven housekeeping genes. Recombinant regions were identified by at least three detection methods in 72% of our V. cholerae isolates. Despite frequent recombination, significant linkage disequilibrium was still detected among the V. cholerae sequence types. Incongruent but nonrandom associations were observed for maximum likelihood topologies from the individual loci. Overall, our estimated recombination rate in V. cholerae of 6.5 times the mutation rate is similar to those of other sexual bacteria and appears frequently enough to restrict selection from purging much of the neutral intraspecies diversity. These data suggest that frequent recombination among V. cholerae may hinder the identification of ecotypes in this bacterioplankton population.
Homologous recombination can be an extremely important force of evolution in some microorganisms and has been implicated in the evolution of virulent Vibrio cholerae serotype O139 (12, 39) . Transfer of DNA between genetically distant individuals can diversify otherwise clonal populations, while recombination tends to homogenize sequence divergence within groups that undergo frequent intragroup recombination (20) . The frequency of recombination events varies broadly among and between bacteria of different species or genera (56) and leads to vastly different population structures. For instance, rare recombination among Pseudomonas syringae isolates promotes a highly clonal population structure (47) , while frequent recombination within the species Neisseria gonorrhoeae or Helicobacter pylori leads to effectively panmictic structures that obscure any evolutionary relationships between isolates (40, 53) . However, the effect of sampling bias is evident in the epidemic population structure of Neisseria meningitidis, where inclusion of many identical isolates due to expansion of a successful clone suggests a clonal structure but removal of redundant genotypes reveals a panmictic structure for the species as a whole (24, 50) .
Despite the lack of consensus on a unifying framework for describing speciation in all bacteria, a number of useful models have been proposed for explaining evolutionary relationships between genetically similar bacterial isolates. The stable ecotype model (7) assumes that recombination is rare, sequences evolve by the accumulation of mutations, and diversity in all genes is periodically purged by selective sweeps. This model thus predicts that alleles will have significant linkage disequilibrium (nonrandom distribution among isolates), gene trees will have congruent phylogenies for different genes, and sequences will form distinct, cohesive clusters that correspond to ecotypes (groups of strains adapted to the same ecological conditions). The stable ecotype model predicts a primarily clonal population structure and is consistent with genetic data observed for populations of Staphylococcus aureus (15) , Bacillus spp. (30) , and Synechococcus spp. (58) . Alternative models used to describe evolutionary relationships in bacteria are analogous to Mayr's biological species concept for eukaryotes (36) . In most of these models, homologous recombination between closely related bacteria blur taxonomic boundaries and entangle evolutionary relationships within subpopulations (21, 22) . Cohesive groups of bacteria are then maintained through leaky genetic isolation facilitated by a log-linear decline in recombination frequency with genetic distance (57) . Several reviews provide a more thorough discussion of these models (7, 8, 44) .
Although Vibrio cholerae is primarily known as the etiological agent of Asiatic cholera, only the O1 and O139 serotypes have been implicated in epidemic disease (11) . Strains from the remaining 200-plus serotypes are autochthonous members of coastal aquatic communities around the globe (34) . Numerous studies of DNA sequences from single or multiple loci have demonstrated strong clonality of the epidemic O1 and O139 lineages (9, 33) , while uncovering broader genetic diversity among non-O1/O139 isolates (27, 31, 39) . Recent genome sequences from several disease-causing V. cholerae isolates revealed an identical genome "backbone" in pandemic strains, with most of the intergenomic diversity generated by illegitimate recombination events (6) . The observed disparity between clinical and nonpathogenic environmental isolates could be due to either differences in population structure between lineages or sampling bias. More phylogenetic information from nontoxigenic environmental V. cholerae isolates is needed to characterize the population structure of this species.
The detection of recombinant regions within gene sequences is important, because their presence can have a deleterious effect on the ability to accurately construct evolutionary relationships between bacterial genomes (48) . Recombination can be detected in multilocus sequence analysis (MLSA) data using multiple techniques (43) . These analyses primarily rely on contrasting evolutionary histories in different parts of the DNA sequences, leading to incongruence between gene trees at individual loci (14, 49) , mosaic structure within gene sequences (35) , or measurements of linkage disequilibrium between loci (50) . In this study, we use a suite of methods to detect recombination among housekeeping genes in a population of Vibrio cholerae and other Vibrio isolates collected from central Californian and Hawaiian coastal environments. Results of these analyses are then compared to predicted outcomes for the stable ecotype model to assess the probability of identifying ecotypes among isolates from the V. cholerae population.
MATERIALS AND METHODS
Isolate selection. One hundred sixty-five environmental and four clinical isolates (see Table S1 in the supplemental material) were chosen to be included in this study from a larger collection of putative Vibrio cholerae isolates (based on PCR from the 16S-23S rRNA intergenic spacer as described by Keymer et al. [28] ). Representative isolates from the majority (Ͼ94%) of the enterobacterial repetitive intergenic consensus (ERIC)-PCR genotypes defined in Keymer et al. (29) were selected to include 45 isolates previously characterized by comparative genome hybridization (CGH) (28, 38) , sediment and water column isolates collected contemporaneously, and four tropical environmental isolates collected from Hanalei Bay on the Hawaiian island of Kauai. These tropical isolates were cultivated from water column samples and processed as described previously (29) .
MLSA. Genomic DNA from selected isolates was extracted using the DNeasy blood and tissue kit (Qiagen) with the recommended manufacturer's protocols for Gram-negative bacterial cells. DNA sequences from seven housekeeping genes were PCR amplified in 50-l reaction volumes containing 2.5 U HotStar HiFidelity DNA polymerase (Qiagen), 1ϫ HotStar HiFidelity PCR buffer, and 1 M each primer. More degenerate primers were needed to amplify sequences from a small number of isolates for each locus (9 to 14 isolates per locus). The degenerate primers required a less stringent proofreading enzyme and were added at 1 M concentrations to 50 l PCR mixture containing 2.5 U HotStarTaq polymerase (Qiagen) and 1ϫ HotStar PCR buffer. The primer sequences, along with additional Mg 2ϩ concentrations and annealing temperatures for each primer set, are provided in Table 1 . Thermal cycling conditions included 30 to 35 cycles of 45 s of denaturation at 94°C, 1 min of annealing, and a 1-min extension at 72°C, followed by a final 10-min extension at 72°C. New primers were designed using Primer Express 2.0 (PE Applied Biosystems). PCR products of the appropriate size were purified using the MinElute gel extraction kit (Qiagen) and sequenced in both directions on an ABI 3730XL capillary sequencer (PE Applied Biosystems).
DNA sequence analysis. Raw sequence files were trimmed, aligned, and manually inspected using Sequencher 4.7 (Gene Codes, Ann Arbor, MI). Aligned sequences varied in length and position within the coding sequence: gyrB ( Maximum likelihood (ML) trees were inferred with PhyML version 3.0 (19) using the general time reversible (GTR) substitution rate model with empirically estimated equilibrium frequencies, proportion of invariable sites, and gamma shape parameter with eight rate categories. Use of the GTR substitution model with invariable sites and gamma distribution was verified with Modeltest 3.7 (42) . The likelihood congruence (LC) test was executed as described in Feil et al. (14), with 200 random trees generated in PAUP* version 4.0b10 (Sinauer Associates, Inc., Sunderland, MA). The approximately unbiased and Shimodaira-Hasegawa tests were performed with CONSEL (49). Population scale rates of recombination were estimated with LDhat 2.1 (37) using an average W of 0.02455 per site per generation.
Concatenated nucleotide sequences for all Vibrio cholerae STs were used to construct a NeighborNet split network with the EqualAngle algorithm in the SplitsTree4 program (25) . Distances were computed using the GTR substitution rate model with empirical frequencies.
Pairwise Hamming distances between individual and concatenated nucleotide sequences were determined with PAUP* version 4.0b10. Nonmetric multidimensional scaling plots of the Hamming distances were generated using Matlab 7.4 (MathWorks, Natick, MA).
Demarcation of ecotypes was performed automatically for each of the individual MLSA loci with the ecotype simulation program (30). To evaluate demarcations for different loci, all pairwise combinations of STs were scored as having the same or different ecotype identities. Summary statistics were generated to assess the frequencies that loci agreed (same or different ecotype) for any pair of STs. Ecotype assignments are provided in Table S2 in the supplemental material.
Biochemical analysis. Biochemical differentiation of a subset of isolates was performed. Twenty-four of the 169 isolates were subjected to 24 different tests. As will be discussed in Results, a few of the putative V. cholerae isolates were deemed to be more similar to other Vibrio species. All 13 isolates of these non-V. cholerae species were included in the set of 24 for biochemical differentiation. In addition, 11 isolates that spanned the range in sequence divergence among the V. cholerae STs were included in the subset. Tests were performed as previously described (4, 10), using ATCC strains of Escherichia coli, Enterobacter aerogenes, Hafnia alvei, Salmonella typhimurium, and Staphylococcus aureus and Vibrio cholerae O1 El Tor strain N16961 as appropriate positive and negative controls. Bioluminescence was determined visually using LM medium described by Baumann and Baumann (2) . All media were incubated at 25 to 30°C.
Nucleotide sequence accession numbers. GenBank accession numbers for all dnaE sequences except the four Hawaiian isolates were provided by Keymer et al. (29) , and all other sequences were deposited in the GenBank database under the accession numbers HM009380 to HM010397.
RESULTS
Taxonomy of analyzed isolates. Nucleotide sequences were obtained for housekeeping loci from 169 presumptive Vibrio cholerae isolates chosen from a larger collection of primarily nontoxigenic (CTX negative by PCR [data not shown]) environmental isolates. One hundred sixty-five of these were previously analyzed by ERIC-PCR genomic fingerprinting (29) ; the four others are new isolates collected from Hanalei Bay in March 2008 on the island of Kauai. Seven loci were selected based on spatial separation from each other as well as from dispensable genes identified by comparative genome hybridization (28, 38) . Six of the loci have been used successfully in previous studies of V. cholerae phylogeny (5, 9, 17, 27, 31, 46, 51) . These six loci (asd, dnaE, gyrB, idh, mdh, and recA) are located on the large chromosome. The seventh locus (nagB), used for the first time in the present study, is located on the small chromosome. This gene was chosen due to its conserved 538 KEYMER AND BOEHM APPL. ENVIRON. MICROBIOL.
on August 29, 2017 by guest http://aem.asm.org/ role in chitin metabolism. A total length of 5,709 bp was analyzed using numerous methods to assess the presence and rate of recombination and its effect on the evolutionary structure of an environmental population of V. cholerae. First, we examined pairwise nucleotide similarities and phenotypic characteristics to determine whether the isolates group as cohesive clusters that might represent species or ecotypes.
In spite of the intended characterization of solely V. cholerae isolates, other Vibrio species were detected among our collection of isolates based on nucleotide divergence and phenotypic differences. When concatenating the sequences from all 7 housekeeping genes, we identified five distinct clusters of isolates with Ͼ93.6% DNA similarities among isolates of the same cluster (Table 2 ). In contrast, isolates from different (54, 55) . Applying this cutoff, we divided the isolates studied here into 156 V. cholerae isolates and 13 isolates of other Vibrio species designations (see Table S1 in the supplemental material). Eight of the non-V. cholerae Vibrio species corresponded to Vibrio aestuarianus (one isolate), Vibrio alginolyticus-Vibrio sp. Ex25 (four isolates), and Vibrio parahaemolyticus (three isolates) based on best-match Blastn similarities (data not shown) and phenotypic characteristics (see Table S3 in the supplemental material). The remaining cluster of five isolates was taxonomically unidentified; member isolates had concatenated nucleotide similarities of Յ91.2% with V. cholerae, indicating separate species, with even lower similarity to other Vibrio species, including V. mimicus. However, these isolates were phenotypically very similar to both V. cholerae and V. mimicus (see Table S3 in the supplemental material) and are here referred to as V. cholerae-like isolates. These species designations were employed in differentiating recombination events detected within and across Vibrio species by the RDP 3.0 software. All other sequence analyses are reported only for the V. cholerae isolates. Recombination among Vibrio cholerae isolates. To detect evidence of recombination in our collection of isolates, we analyzed DNA sequences for mosaic patterns suggestive of recombination. Recombination events were detected by three or more methods in most (72%) of the V. cholerae sequence types (n ϭ 113) analyzed with the RDP 3.0 software package (see Table S4 in the supplemental material). Seventy-six of the total 107 events were identified by more than one detection method (P Ͻ 0.05, with Bonferroni correction), and 38 events were detected with between 4 and 7 methods (see Table S5 in the supplemental material), increasing confidence that these patterns are due to bona fide recombination events instead of statistical overcalling. Recombination events were evenly detected in five loci; fewer detected events in the mdh and nagB loci are most likely accounted for by the lower number of nucleotide differences in these sequences (see Results and Table S6 in the supplemental material).
Of the 56 recombination events that were statistically significant for three or more detection methods, intraspecific recombination among V. cholerae strains accounted for 43 events (77%), while four events involved only non-V. cholerae Vibrio species. The remaining nine events (16%) involved interspecific recombination between V. cholerae and other Vibrio spp., with V. cholerae isolates identified as recombinants in four events and donors in the other five events (see Figure S1 in the supplemental material). Interspecific recombination events involving V. cholerae were detected in gyrB (five events), recA (one event), idh (two events), and asd (one event).
Next, a robust estimate of the relative contributions of recombination and mutation to generating diversity in the Vibrio cholerae concatenated sequence alignments was obtained using LDhat 2.1 (37) . This method is insensitive to different evolutionary models and deviation from the infinite sites assumption (43, 52) . Using an average mutation rate () computed as 21.0 mutations per locus per generation, the population recombination rate () was estimated at 136.5 recombinations per locus per generation. Therefore, the relative rate of recombination to mutation (/) is approximately 6.5:1. This value is similar to our estimates based on the number of polymorphisms in singleand double-locus variants (Ն4:1 or Ն8:1) (see Results and Table S7 in the supplemental material) and within the range expected for a sexual population (14, 16) .
Effects of recombination on phylogeny and structure. Frequent recombination can disrupt vertical evolutionary relationships between genes on the same genome, resulting in linkage equilibrium and incongruence of topologies constructed for individual loci. Despite the detection of recombination events in most of the isolates, significant linkage disequilibrium was detected for the Vibrio cholerae isolates, indicating some clonal population structure. A standardized index of association (I A S ) (23) significantly different from zero was observed for all 156 V. cholerae isolates (I A S ϭ 0.439) and remained significant when only unique sequence types (STs) were considered (I A S ϭ 0.143). Thus, sampling bias alone does not explain the observed linkage disequilibrium. All indices were significantly nonzero for P values of Ͻ0.05.
Topological congruence among gene trees can range along a spectrum from complete congruence to complete incongruence. At one end of the spectrum, the Shimodaira-Hasegawa and approximately unbiased tests identify deviations from perfect congruence. All possible pairs of seven loci trees for all V. cholerae STs were significantly incongruent (P Ͻ 0.001) according to the Shimodaira-Hasegawa and approximately unbiased tests (see Table S8 in the supplemental material). At the other end of the spectrum, the likelihood congruence test (14) assesses whether locus trees are more topologically similar than trees of random topology by comparing log likelihoods. According to this test, all possible pairs of locus trees were significantly (P Ͻ 0.01) more congruent than pairings with random trees (see Table S9 in the supplemental material). In contrast to the incongruence observed within trees for the V. cholerae STs, branching patterns in gene trees for other Vibrio isolates were highly congruent (Fig. 1) .
Incongruent phylogenies for different loci were also evident in the split network diagram constructed for all V. cholerae STs (see Fig. S2 in the supplemental material) . The abundance of splits between the interior branches of the tree shows that recombination events have a significant impact on evolutionary relationships among isolates and restrict the ability to resolve a consensus phylogeny for this population.
Nonmetric multidimensional scaling plots were constructed for pairwise Hamming distances between V. cholerae gene sequences. This ordination technique allows for visualization of cluster formation among sequence entries based on the computed nucleotide distances. If recombination is rare, as assumed in the stable ecotype model, sequences should form clusters corresponding to ecotypes. Moreover, ecotypes experiencing more recent periodic selection events should display less cluster dispersion. We observed little or no formation of clusters among the V. cholerae sequences. For the individual MLSA loci ( Fig. 2A to G) , only plots for gyrB, asd, and perhaps recA appeared that they might contain multiple clusters. For the remaining loci and the concatenated sequences (Fig. 2H) , the data formed a single diffuse cluster containing environmental and clinical isolates, with the exception of a few genetically 540 KEYMER AND BOEHM APPL. ENVIRON. MICROBIOL.
on August 29, 2017 by guest http://aem.asm.org/ distant outliers. In addition, Ն92% of the V. cholerae STs had identical amino acid sequences for the mdh, recA, and nagB loci, indicating that much or most of the nucleotide diversity in these sequences can be considered functionally neutral. Together, the data illustrate the maintenance of neutral nucleotide sequence diversity within the V. cholerae species cluster and no clear formation of subclusters that may correspond to ecotypes. Ecotype simulation. To test whether the sequence data are compatible with the stable ecotype model, an ecotype simulation program (30) was used to demarcate ecotypes for each of the individual MLSA loci (see Table S2 in the supplemental material). On average for any two loci, there was a 63% probability (range, 44 to 83%) that ecotype predictions from a pair of STs were in agreement. Only 14% of the time were two STs confidently assigned to the same ecotype or different ecotypes for all of the seven loci. If the criterion is relaxed to six of seven genes in agreement, there is a 43% chance of being able to confidently assign two STs. For comparison, the Bacillus simplex and Bacillus subtilis-Bacillus licheniformis populations analyzed by Koeppel et al. (30) had 95% and 98% probabilities of two STs having ecotype demarcations in agreement for two loci, respectively. All three loci in that study produced consistent ecotype assignments for Ͼ93% of the STs. In contrast, for any three loci from the V. cholerae MLSA data set, consistent ecotype assignments are predicted only for 44% of the STs on average (range, 28 to 72%).
DISCUSSION
Genetic cohesion of species or species-like clusters is usually attributed to the evolutionary forces of natural selection and recombination (7) . Stable ecotype models have been used to explain intraspecies patterns in diversity for bacteria with low to moderate levels of recombination (30, 58) . The model predicts that periodic selection in such systems produces discrete sequence clusters with different ecological specifications. It is difficult to reconcile the MLSA data from the Vibrio cholerae isolates presented herein with the stable ecotype model. First, sequences from the isolates appear to form discrete clusters only at the species level and produce diverse, incongruent topologies at finer genetic resolution. Second, despite signifi- cant linkage disequilibrium between alleles, the recombination rate in V. cholerae is within the range of those of other sexual bacteria. Third, high genomic and phenotypic diversity within portions of the V. cholerae population implies potential ecotypes (28, 29) ; however, these potential ecotypes, including disease-causing clinical isolates, do not form distinct sequence clusters. Finally, there is only a 1 in 7 chance that ecotype demarcations for all seven genes agree that any two different V. cholerae isolates belong to the same ecotype or not. Given the data, the ecotype model is not a convincing fit for the V. cholerae population described here. A model similar to Mayr's biological species concept may be a more appropriate fit for these isolates and should be explicitly applied to the data in future work. The propagation and persistence of nucleotide diversity within the V. cholerae species could be explained by weak or inefficient natural selection that fails to purge diversity through selective sweeps and/or frequent recombination that uncouples genes from selection at the genome level (41) . The former explanation would result in neutral sequence and gene content diversity accumulating in all loci. In contrast, the latter explanation would produce a number of adaptive alleles purged of neutral diversity, while that diversity is maintained in many other genes, including core housekeeping genes typically used for phylogenetic analyses (1, 32) . In a previous study, we examined gene content differences using CGH among a subset of the isolates included in the present study. We found significant correlations between the presence of certain genes and presumably favorable environmental conditions (28) . The apparent gene-level selection among these isolates suggests that frequent recombination and not necessarily weak selection may be responsible for the extensive intraspecies diversity.
The explanations for persistent diversity outlined above present a problem for identifying ecotypes in the population. This is because they either are not clearly separated from other ecotypes or can be identified only in adaptive genes that are traditionally excluded from phylogenetic analyses. While much research has focused on the genes and phenotypes of ecotypes involved in causing human disease, we know relatively little about the genes and phenotypes that are useful and important for V. cholerae in environmental systems. Phenotypic tests commonly used to classify Vibrio species could not adequately distinguish isolates with 90% or lower concatenated nucleotide identity (see Table S3 in the supplemental material). This lack of specificity highlights that these tests are relatively uninformative for environmental bacteria and more environmentally relevant phenotypes should be investigated. Without knowledge of potentially niche-adaptive genes or phenotypes in (50) showed that Haemophilus influenzae has maintained a primarily clonal structure despite being transformable. Therefore, Vibrio cholerae might satisfy the biological requirements to become a freely recombining species, but some factors in its ecology restrict the breakdown in linkage disequilibrium. Low population densities typically observed in coastal water samples may limit the spatial proximity required for transformation, but more work is needed to understand V. cholerae occurrence and behavior in surface-attached environmental communities. The mechanism of recombination in these environmental bacteria is still poorly understood and warrants further study.
Using a robust likelihood-based estimator of recombination rate (LDhat 2.1) produced a ratio of 6.5 for the relative rate of locus divergence by recombination compared to mutation. An additional rudimentary pairwise comparison of isolates differing at two or fewer loci estimated that recombination was at least 45 times as likely as mutation to be responsible for nucleotide divergence in clonal genotypes (recombination/mutation Ն 45) (see Results in the supplemental material). These values are similar or higher than those estimated for other opportunistic pathogens with sexual characteristics, such as E. coli (20) and N. meningitidis (13) , as well as frequently recombining aquatic bacteria, including V. parahaemolyticus and Vibrio vulnificus (3, 18, 56) . However, highly similar isolates persist within the V. cholerae population, and the index of association for this population suggests that recombination is not frequent enough to completely disrupt linkage disequilibrium. Future work should focus on the promiscuity of recombination in V. cholerae and assess whether linkage disequilibrium and nonrandom topologies observed here reflect patterns in positive selection, targeted recombination, or bias associated with isolate selection.
Previous studies of Vibrio cholerae isolates by MLSA tend toward low to intermediate levels of recombination and clonal to weakly clonal evolutionary relationships (5, 17, 31, 46) , but these studies have been strongly biased toward clinical and environmental isolates from regions with epidemic disease. In this study, we used a suite of methods to detect recombination among housekeeping genes in a population of Vibrio cholerae and other Vibrio isolates collected from central Californian and Hawaiian coastal environments. Significant linkage disequilibrium was detected among V. cholerae sequence types, but the population recombination rate was 6.5 times greater than the mutation rate and produced significant incongruence among trees from individual loci. These results implicate recombination as an important factor in the evolution of gene sequences in environmental V. cholerae. Our data, which provide the most thorough examination of recombination and population structure in environmental V. cholerae isolates to date, imply that frequent recombination may impede the identification of V. cholerae ecotypes by multilocus sequence analysis. Additional isolates from other areas of the world's coastal ocean should be analyzed to confirm this finding.
